Microbiologic investigation of the prevention of emergence of mutant populations of tubercle bacilli resistant to streptomycin and isoniazid emphasized the fact that adequate concentrations of each of these two appropriate drugs were necessary (1). Delivery of such concentrations of isoniazid to the multiplying parasites can be estimated by microbiologic assay (2-4). Antimicrobially-active serum streptomycin assayed by a similar microbiologic method confirmed that there were also probably significant variations between individuals in serum levels of this drug as well. These observations suggested that conventional dosages of these drugs could not be relied upon to insure the delivery in vivo of sterilizing concentrations of each agent to physiologically-susceptible tubercle bacilli. The result of consideration of these principles was the formulation of a chemotherapeutic regimen combining high dosage of streptomycin with high dosage of isoniazid for all patients (5-7). The purpose of this report (the third of a series) is to present the results of clinical application of this approach to chemotherapy of pulmonary tuberculosis.
Microbiologic investigation of the prevention of emergence of mutant populations of tubercle bacilli resistant to streptomycin and isoniazid emphasized the fact that adequate concentrations of each of these two appropriate drugs were necessary (1) . Delivery of such concentrations of isoniazid to the multiplying parasites can be estimated by microbiologic assay (2) (3) (4) . Antimicrobially-active serum streptomycin assayed by a similar microbiologic method confirmed that there were also probably significant variations between individuals in serum levels of this drug as well. These observations suggested that conventional dosages of these drugs could not be relied upon to insure the delivery in vivo of sterilizing concentrations of each agent to physiologically-susceptible tubercle bacilli. The result of consideration of these principles was the formulation of a chemotherapeutic regimen combining high dosage of streptomycin with high dosage of isoniazid for all patients (5) (6) (7) . The purpose of this report (the third of a series) is to present the results of clinical application of this approach to chemotherapy of pulmonary tuberculosis.
METHODS AND MATERIALS
A. Bacteriology. The bacteriologic studies were performed according to methods described elsewhere (8, 9) .
These routine studies consisted of Ziehl-Neelsen stained smears of the concentrated, digested sputum; the results were reported as the number of acid-fast rods seen per oil immersion field. The concentrated sediment of the digested sputum was then diluted according to the number of acid-fast rods seen on smear. When the smear revealed less than one acid-fast rod per oil immersion field, the concentrate was inoculated both undiluted and diluted 101. When the concentrate smear revealed one to 10 acid-fast rods per oil immersion field, the sediment was diluted 101 and 10'. When the smear revealed more than 10 acid-fast rods per oil immersion field, the sediment was diluted 10' and 10' prior to inoculation of the culture plates. Every specimen was seeded on solid medium (1) containing no antimycobacterial drugs (the control), on the same medium containing streptomycin, 2.0 pg. per ml., and on the same medium containing isoniazid, 0.2 ,ug. per ml. During the period covered in this study, a third direct routine drug-susceptibility test was performed. Prior to 1955, this third test was isoniazid, 10 Mg. per ml. In 1955, pyrazinamide, 50 Mg. per ml., was the test drug for some months. Since that time, paraaminosalicylic acid, 2.0 ,ug. per ml., has been used in this third susceptibility test.
The definition of drug-susceptibility employed in this report is as follows: A strain or population of tubercle bacilli is susceptible to the action of streptomycin or isoniazid if less than 1 per cent of those members yielding colonies on the control are able to grow and produce colonies on culture medium containing either streptomycin, 2.0 pg. per ml. or isoniazid, 0.2 Ag. per ml. Such bacterial populations were considered significantly drug-resistant if more than 1 per cent was recovered on medium containing streptomycin or isoniazid in these concentrations.
Catalase testing, using 15 per cent hydrogen peroxide in 5 per cent Tween® 80, was performed routinely on the control culture (8, 9) . As employed, this test provides a crude estimate of the moderate catalase activity of typical tubercle bacilli, the high activity of the so-called "yellow" bacilli, and the reduced or absent activity of catalase-deficient, isoniazid-resistant mutants.
The culture plates were incubated under 2 to 5 per cent carbon dioxide in air at 36°C. for 21 days (10). The results of culture, drug-susceptibility testing, and catalase testing became available for clinical use within 25 days following collection of the sputum. This provided a unique opportunity for the selection of the appropriate agents and for close monitoring of the bacteriologic response of the patient.
Bacteriologic conversion of the sputum to negative was defined to have occurred when three consecutive sputum specimens collected at monthly intervals were found to be negative both on smear of the concentrate and on culture, and no subsequent positive sputum studies were encountered. The date of conversion was that of the first specimen which was negative on both smear and culture. This has been reported as occurring in the one to four month period (from Day 1 through Day 120 of chemotherapy), the five to eight month period (from Day 121 through Day 240 of chemotherapy), the nine to 12 month period, and so forth. When sputum conversion occurred as the result of collapse procedures (pneumothorax, pneumoperitoneum or thoracoplasty) or resection surgery, the subject was eliminated from further bacteriologic statistical analysis; this accounts for some of the reduction in actual cases observed in Table I. B. Roentgenography. Admission roentgenograms of the chest were interpreted according to the Diagnostic Standards of the National Tuberculosis Association, 1955 (11) , with the following differences: 1) Cavities have been reported as single or multiple, and 2) cavity size has been reported as the greatest internal dimension of the largest single cavity. Thus, in some instances, moderately advanced disease has been reported here associated with a large cavity or with multiple small cavities the sum of the diameters of which would require designation as far adzanced by N.T.A. Standards. This modification was necessary because it seemed important to analyze the extent of disease separate from the cavity component.
X-rays made during the one to four month period and the five to eight month period have been compared with the admission film in order to assess the response to treatment. Comparison roentgenograms were selected which were made near to the end of the period. However, when collapse procedures or resection surgery were employed, the film taken just prior to the procedure was used for the final comparison and no further X-ray evaluation was made for these studies. This accounts for some of the reduction in total cases observed in Tables II and III. Special roentgenographic studies, including tomography, were performed early during the admission of each patient, and were repeated as indicated.
C. Microbiologic assay for serum isoniazid. Estimation of the serum concentration of antimicrobially-active isoniazid has been an important part of the evaluation of our patients during most of the period covered in this study. Determinations were made by the microbiologic method in 280 of the patients being reported here (12, 13 (Table IV) . Of these, 288 were considered unsuitable for bacteriologic evaluation of the high dosage regimen. Sputa from 184 of these 288 patients were consistently negative, and sputa from 41 were so infrequently and so slightly positive that drug-susceptibility tests were unsatisfactory.' Sixteen patients were excreting "atypical yellow bacilli," Mycobacterium tuberculosis luciflavum (14) . Of those patients excreting typical tubercle bacilli, eight were lost because of death (five nontuberculous deaths, and three surgical deaths; these latter were excreting drug-resistant tubercle bacilli), and 39 because of irregular discharge, after less than six months of treatment. This study is concerned with the results of high dosage chemotherapy of 318 adults admitted consecutively with bacteriologically-proven pulmonary tuberculosis, with typical tubercle bacilli recov-L ered on sputum culture, and with treatment for at least six months. On the basis of the results of drug-susceptibility test-I ing of the populations of tubercle bacilli recovered from the admission sputa, these 318 patients have been divided
One of these patients became consistently sputumpositive with streptomycin-resistant, isoniazid-resistant, para-aminosalicylic acid-susceptible, catalase-negative tubercle bacilli in the sputum four months after admission and while on chemotherapy with isoniazid/para-aminosalicylic acid. was given in two equal doses each day. Pyridoxine hydrochloride (Squibb), 50 to 100 mg. per day, was also given orally for 18 months. Pyridoxine was included in this regimen to reduce the incidence of significant isoniazid neuropathy (15) . It should be emphasized that following termination of streptomycin, the isoniazid and pyridoxine were continued alone.
During the period covered in this report, the effect of short-term, 21 day chemotherapy with pyrazinamide (2.5 Gm. per day) and cortisone (100 mg. per day), to be followed at once by the basic regimen, was under investigation in 37 of these patients. So far no significant difference in results of this strictly randomized study has been observed.
Treatment with the basic high dosage regimen was Patients in Group III were treated with viomycin, pyrazinamide, para-aminosalicylic acid, tetracycline and streptomycin in a variety of combinations with isoniazid. Most patients in Groups I and III who had active isoniazid levels less than 0.4 ,ug. per ml. were also given paraaminosalicylic acid or para-aminobenzoic acid to raise the isoniazid level. Isoniazid was included in every regimen because it was considered appropriate to prevent backmutation. Both animal experimentation (16) and in vtitro studies (17) have proven that back-mutation to isoniazid-susceptibility can occur.
After initiation of chemotherapy, all patients, except those with severely restricted cardiopulmonary function, were out of bed for 10 to 12 hours daily.
Collapse procedures and/or resection surgery were performed on Group II and III patients when deemed appropriate, but not on Group I patients until four months after conversion.
G. Drug reactions. Serious drug reactions with the high dosage regimen incorporating pyridoxine have been infrequent (Table VIII) . Significant reactions to streptomycin or isoniazid occurred in 12 per cent of our patients. The specific drug was permanently discontinued only for those few patients manifesting severe vestibular nerve reactions, optic neuritis, aggravation of thrombocytopenic purpura or psychosis. No apparent change in clinical response to chemotherapy was observed in these patients following termination of the offending drug.
RESULTS
There was a striking difference in roentgenographic inprovement estimated separately from changes in cavity status between Group I and Groups II and III after four months of chemotherapy, and this became more marked during the five to eight month period (Table II) . Two of the patients in Group III were subjected to thoracoplasty within 60 days of the start of chemotherapy, and so do not appear in this analysis. Similarly, three Group II patients and 24 Group III patients were eliminated from X-ray evaluation by the application of collapse procedures or surgical resection during the five to eight month period.
In 51 of the Group I patients with demonstrable cavitation on admission, no cavities could be detected on routine X-rays and tomograms by the end of five to eight months of chemotherapy (Table III) . As a further evaluation, analysis of the changes in cavity status confirmed the superior response to chemotherapy of Group I.
One hundred and fifty-two Group I patients had sputum conversion to negative by the end of the sixth month of chemotherapy (Table I) These results with chemotherapy alone for Group I patients are strikingly different from those of both Groups II and III. If the Group II patients whose sputum became converted to negative concomitantly with collapse procedures or resection surgery were considered together with those achieving the converted state by chemotherapy alone, the total conversions by the end of one year would be only slightly more than half of the cases (Table IX) . Similarly, only about one-third of the Group III patients became converted to the sputum negative state by the end of one year of treatment.
Follow-up observationts oni Group I patients
Follow-up observations have been completed on 90 per cent of the first 113 Group I patients who were treated for at least six months. At the time of this study, these patients had been observed for an average of two years since the start of chemotherapy, ranging from 18 to 33 months. Fifty-three of these patients were still on chemotherapy at the time of follow-up study, and 51 had terminated all antimicrobial drugs. The average period of time between termination of chemotherapy and the mailing of the most recent follow-up questionnaire was five and four-tenths months, ranging from one to 15 months. Of those patients whose chemotherapy was discontinued, only one patient has had a relapse, both bacteriologic and roentgenographic. This 39 year old white man had partial gastrectomy, choledocoduodenostomy and gastroenterostomy prior to the diagnosis of tuberculosis. He was admitted to hospital with moderately advanced, unilateral disease and multiple cavities, 1 to 2 cm. in greatganisms from the failure were fully susceptible to 8 jug. per ml. even though highly resistant to 2 ,ug. SM per ml. est internal dimension. At that time his electrocardiogram revealed evidence of old anterior myocardial infarction. He was treated with the basic high dosage regimen to which was added para-aminosalicylic acid to elevate the serum level of isoniazid. Early during this hospitalization, he suffered another myocardial infarction, and was placed on strict bed rest. He complained bitterly of para-aminosalicylic acid gastrointestinal irritation, and was unable to accept this medication regularly even though it was needed to elevate the serum isoniazid level. Resection of the cavitary disease was considered necessary, but surgery was postponed indefinitely because of the cardiac status. The patient left the hospital, discontinued all drugs in the seventh month of chemotherapy, and six months later he was readmitted to our hospital excreting streptomycin-susceptible, paraaminosalicylic acid-susceptible, catalase-positive, isoniazid-resistant organisms in his sputum. To date this is the only known relapse among the 153 Group I patients.3
DISCUSSION
The results of serum assays for antimicrobiallyactive streptomycin and isoniazid have suggested that conventional dosage could not be relied upon to insure adequate delivery of sterilizing concentrations to susceptible tubercle bacilli in chemotherapy of pulmonary tuberculosis. Therefore, a chemotherapeutic regimen was designed combining high dosage of streptomycin with high dosage of isoniazid. This high dosage regimen was administered to all patients excreting streptomycinsusceptible, isoniazid-susceptible tubercle bacilli on admission. Six hour serum assays for streptomycin and isoniazid were performed on some of these patients in order to document the adequacy of these drugs. 3 Since this report was submitted for publication another patient has suffered a bacteriologic relapse. Both relapse cases had several points of similarity. Both became bacteriologically negative prior to the start of chemotherapy, even though positive on smear and culture on admission. Both left the hospital shortly after six months of chemotherapy, and both discontinued chemotherapy against medical advice in the seventh month. This second patient relapsed 21 months after stopping medications. And, finally, these two relapses were the only patients in Group I zw'ho were treated with druigs for less than nine months, A few large groups have carried out extensive studies on the chemotherapy of pulmonary tuberculosis (18) (19) (20) (21) . Retrospective analysis of the results of these investigations of conventional drug treatment regimens has revealed that 10 to 20 per cent of previously untreated patients fail to achieve the state of bacteriologic negativity without collapse procedures or surgical resection. In vitro drug-susceptibility tests indicated that most of these failures of chemotherapy resulted from the emergence of drug-resistant mutant populations of tubercle bacilli. In spite of the fact that combined drug regimens were used in these studies, failure of combined chemotherapy employing conventional dosages frequently was manifested by the early emergence of mutants resistant to only one of the two drugs administered. Experiments performed in our laboratory have indicated that selection of mutants resistant to one drug on exposure to two drugs is a consequence of exposure to effective concentrations of that one drug plus ineffective (sub-inhibitory) concentrations of the companion drug; in effect, this is equivalent to exposure to only one drug although the single-drug-resistant mutants recovered are strikingly reduced in numbers (see Experiment No. 2, in the first report of this series).
It seemed reasonable to postulate that increasing the dosage of each drug should largely eliminate such evidences of inadequate delivery of drugs as the emergence of organisms resistant to one of the two drugs. Support for this hypothesis was found in the British Medical Research Council reports (18, 19) The results obtained by application of the high dosage isoniazid-high dosage streptomycin basic regimen to the chemotherapy of Group I patients are superior to the results reported by other investigators with the exception of Ross, Horne, Grant and Crofton (23, 24) . It can be contended that this superiority is attributable to factors other than chemotherapeutic. The type of patient material in terms of anatomic extent of disease, number and size of cavities, and duration of active disease, for example, may be less challenging among patients accepted for admission to National Jewish Hospital. There may be other important variables, such as altitude (5,300 ft.), or the complex advantages of hospitalization per se which would favor the obtaining of such results. However, our experience prior to October of 1954 with chemotherapeutic regimens which did not include both high dosage of isoniazid and high dosage of streptomycin provided adequate evidence, in our opinion, that such unidentified variables were not operating in these studies. For example, between January of 1953 and October of 1954, 43 adult patients excreting typical tubercle bacilli susceptible to both streptomycin and isoniazid were treated with streptomycin, 1.0 Gm. intramuscularly every third day, combined with isoniazid, 8 or more mg. per Kg. per day, for at least four months before collapse procedures or surgical resection. Thirty-one (72 per cent) of these patients became bacteriologically negative by Day 120 of chemotherapy, but 11 (26 per cent) were chemotherapeutic failures by virtue of the emergence of isoniazid-resistant organisms (25) . Thus, our experiences at this institution prior to the initiation of the high dosage regimen described here were quite comparable to the experiences of other investigators employing similar chemotherapeutic regimens.
With regard to the results reported by Crofton and his associates, it should be pointed out that two uncontrolled variables render their studies incomparable with the Group I experiences described here. First, they have reported that all three drugs (streptomycin, isoniazid and para-aminosalicylic acid) were often used during the first six to eight weeks of chemotherapy, i.e., until the results of drug-susceptibility studies became available (26) . Para-aminosalicylic acid is known to decrease the rate of metabolic inactivation of iso-niazid (2, 3), and, therefore, can obscure the role played by this phenomenon in determining the effectiveness of chemotherapy with isoniazid. Second, other therapeutic measures were taken (pneumoperitoneum and so forth) ad lib., in addition to chemotherapy, before four months after bacteriologic conversion of the sputum to negative.
The poor results of antimicrobial therapy alone in patients of Group III were not surprising ( Table I) . They point up the need for additional effective chemotherapeutic agents for tuberculosis. On the other hand, the 47 per cent conversion rate (16 patients converted out of 34 treated for nine to 12 months without collapse procedures or surgery) for patients in Group II may seem unexpectedly low. However, many of the patients in this group were excreting populations of tubercle bacilli which were resistant to paraaminosalicylic acid as well as to either streptomycin or isoniazid on admission to hospital. Therefore, in effect, several of these patients received the benefit of only single-drug treatment during the period of this study.
It has been customary for some clinicians to reserve "one good drug" for use at the time of surgery. These results indicate that it would be better to strive for optimal chemotherapeutic results from the initiation of treatment.
The success observed on application of the appropriate basic high dosage regimen in patients excreting drug-susceptible tubercle bacilli seems to eliminate any doubt as to the clinical importance of delivering adequate concentrations of at least two antimicrobial drugs in vivo. As was implied in the first report of this series (1), there is a definite, but very low, incidence of mutant forms of tubercle bacilli which are simultaneously resistant to both streptomycin and isoniazid. Thus, there will be a definite incidence of chemotherapeutic failure on any two-drug regimen. Just as adequate twodrug regimens markedly decrease the incidence of chemotherapeutic failure manifested by the emergence of one-drug-resistant mutant populations, so should adequate regimens of three or more drugs decrease the incidence of chemotherapeutic failure manifested by the emergence of two-drug-resistant mutant populations. It seems fair to assume that the one instance of double mutation to resistance to both isoniazid and streptomycin which occurred in these studies could have been prevented had a third drug, i.e., para-aminosalicylic acid, been added to his therapeutic regimen before the twelfth week of chemotherapy.
The present study constitutes a relatively shortterm evaluation of chemotherapy of pulmonarY tuberculosis in adults. Resting bacterial cells which escape sterilization by virtue of being physiologically insusceptible to the action of streptomycin or isoniazid remain a threat able to initiate an exacerbation of the disease months or even years later (27) . Therefore, final evaluation of any approach to the chemotherapy of tuberculosis requires a long period of follow-up observation. Among 133 patients in Group I who presented roentgenographic evidence of cavitary disease on initiation of chemotherapy and who remained in hospital at least four months after the date of bacteriologic conversion to negative, 66 (50 per cent) had persistence of cavitation ("open cavity healing" by clinical criteria). This is the highest incidence of "open cavity healing" reported in the literature. It can fairly be attributed to the avoidance of those measures-strict bed rest, and pulmonary collapse procedures-which, in our opinion (28) , are in serious conflict with the purposes of appropriate and effective antimicrobial chemotherapy.
For patients treated with conventional drug regimens plus bed rest, important unfavorable prognostic significance has been attached to the persistence of roentgenographically-visible cavitation even when it is accompanied by the absence of acid-fast bacilli from the sputum (29) . On the other hand, more recently, evidence has been presented by some investigators (30, 31) that the association of open, air-filled cavities with persistently negative sputum bacteriology after more effective protocols of chemotherapy does not have unfavorable significance. It will be interesting to determine whether patients treated under the high dosage combined drug regimen will show relapse rates lower than those which have been observed on previous modes of therapy. Results obtained from bacteriological studies on surgically resected pulmonary lesions from patients in Group I of this study provide corroborative evidence that this may, indeed, be anticipated (32) .
In retrospect, the observations on the variations in the metabolic disposition of isoniazid and on the six hour serum levels after streptomycin, 20 mg. per Kg., indicate that many of the Group I patients might have responded as favorably to chemotherapy employing lower dosages of these drugs. Indeed, in view of the significant incidence of drug reactions (12 per cent) in our experience with the high dosage regimen for all patients, it seems that routine high dosage imposes an unnecessary risk. Thus, the best approach should be one in which dosages of appropriate drugs are adjusted according to the results of specific pharmacologic assays.
The minimal immediate chemotherapeutic failure and the low early relapse rate in Group I patients, on the one hand, and the high failure rate in the Group II and Group III patients, on the other hand, provide evidence of the clinical value of the drug-susceptibility tests employed in these studies for predicting response to chemotherapy with these drugs.
Ninety-nine per cent of the patients who excreted streptomycin-susceptible, isoniazid-susceptible tubercle bacilli at the start of chemotherapy at this hospital achieved sputum conversion on the high dosage regimen without collapse or surgery, or strict bed rest. Microbiologic serum assay allowed prompt discovery and correction of isoniazid dosages in those few individuals who might have had inadequate drug with the unmodified regimen. The general principles of primary chemotherapy of tuberculosis upon which the treatment of the Group I patients was based have been outlined previously (28) . The very low chemotherapeutic failure rate observed in such patients in this study confirms our previous opinion (28) that the drug-treatment failures of conventional chemotherapy are largely due to inadequate dosage of drugs or indiscriminate combinations of therapeutic measures.
SUM MARY
Three hundred eighteen adult patients with bacteriologically proved pulmonary tuberculosis due to typical tubercle bacilli were admitted consecutively to the National Jewish Hospital at Denver between October 1, 1954, and June 1, 1957 , and were treated for at least six months. Of these, 153 were excreting organisms which were susceptible to both streptomycin and isoniazid. These patients were subjected to a high (losage streptomycin, highi dosage isoniazid cliemotherapeutic regimen. The sputa of 152 of the patients excreting populations of tubercle bacilli which were streptomycin-and isoniazid-susceptible became bacteriologically converted to negative by the end of the sixth month of chemotherapy. None of these 152 patients excreted drug-resistant organisms prior to conversion. There was olne early chemotherapeutic failure, as manifested by the failure to achieve conversion and by the emergence of double-drug-resistant mutants. There has also been one bacteriologic and roentgenographic relapse.
Two other groups of patients, those who were already excreting drug-resistant organisms on admission to hospital, were studied for comparison: those excreting tubercle bacilli resistant to one drug, and those with organisms resistant to two drugs. Neither group demonstrated impressive response to chemotherapy. These results established the value of the special drug-susceptibility testing techniques employed for predicting the clinical response to treatment with streptomycin or isoniazid.
The theoretical and practical consequences of these studies were discussed.
